Ethylene production by sugar beet (Beta vulgaris L.) leaf discs is inhibited by white (or red, >610 nm) light or by wounding. In contrast, in wounded leaf discs, ethylene production is stimulated by light. The effect of light on wounded leaf discs has been studied by using an in vitro system which mimics the loss of compartmentation in the wounded leaf.
system which mimics the loss of compartmentation in the wounded leaf.
Chlorophyll-free extracts from sugar beet leaves stimulate the production of the superoxide free radical ion (as a prerequisite for ethylene formation) by Muminated chloroplast lamellae. The substance from the crude leaf extracts which is active in stimulating the production of the superoxide free radical ion has been identified as 3-hydroxytyramine (dopamine). Exogenous dopamine between 5 jLM and 100 FM stimulates ethylene formation by iluminated chloroplast lameflae from methional. It also stimulates the production of the superoxide free radical ion, the formation of which apparently involves both a lamellar phenoloxidase and photosynthetic electron transport as a 1-electron donor, and is cyanide-sensitive.
Ethylene (1) seems to be responsible for the induction of the enzymes involved in the biosynthesis of several phenolic compounds, the reactions participating in the resistance to infections, fruit ripening, and the senescence of higher plants. Ethylene production, in turn, is initiated by physiological or artificially induced stress conditions. The biochemical mechanism of the induction of ethylene biosynthesis is unknown. However, the prerequisites for ethylene formation by higher plant tissue seem to be an oxygen-activating system together with an appropriate ethylene donor such as methionine, 2-keto-4-mercaptomethyl butyrate, methional (3-mercaptomethyl propanal), or linolenic acid (1, 19, 24, 34) . In the case of the model compounds 2-keto-4-mercaptomethyl butyrate or 3-mercaptomethyl propanal, the OH radical produced after monovalent oxygen reduction has been shown to be the oxidant (5, (10) (11) (12) yielding ethylene and other products (35) .
In the present communication, we wish to report on experiments concerning the induction of monovalent oxygen reduction (production of O2--) and ethylene formation in chloroplasts from sugar beet leaves, involving the function of endogenous 3-hydroxytyramine (dopamine) as the cofactor of monovalent oxygen reduction. (29) as previously described (13) . The activity units of superoxide dismutase were determined as described by McCord and Fridovich (23) . Ethylene formation was monitored as previously described (10-12).
3-Hydroxytyramine was isolated from sugar beet leaves according to the procedure of Gardner et al. (16) . The aqueous phase from sugar beet leaves (see ref. 16 ) was evaporated to dryness and dissolved in methanol containing 0.25% concentrated HCI. The filtered solution was loaded onto a cellulose column (prepared by stirring 15 g cellulose [Avicel, Merck- Darmstadt] in a 150-ml butanone-2-formic acid-acetone-water mixture, 40:1:2:6, v/v). The column was washed with increasing amounts of the same solution. The fractions containing 3-hydroxytyramine were monitored by UV spectrophotometry (Xm,, = 279 nm) and pooled.
Methional was synthesized as described (11) . Chloroplast lamellae were prepared from spinach (27) or from sugar beet leaves (6, 9) . Hydroxylamine oxidation, a test system for the production of 02--, and the decarboxylation [1-'4C] glyoxylate, a test for the production of H202, were measured as described earlier (7, 14) . Phenoloxidase (o-diphenol-oxygen oxidoreductase) activity was measured manometrically by following the uptake of 02 in the presence of the indicated substrates in Warburg vessels at 15 C.
Trypsin treatment was performed essentially as previously described (30) in 20 mm tris-HCl (pH 7.6) buffer, 10 mM KCI, and 5 mM MgCl2. Twelve ml of a chloroplast suspension (200,g Chl/ml) were preincubated at 25 C for 3 min and the digestion was started by the addition of 0.12 ml trypsin solution (1 mg/ ml). At successive intervals, 1-ml aliquots were removed and added to 1 ml of a solution containing trypsin inhibitor (400 ,ug! ml) and BSA (10 mg/ml) and immediately cooled to 0 to 4 (20,000 lux) . Wounding the leaf tissue leads to an inhibition of ethylene production in the dark (3 nmol ethylene/g hr-'), however, illumination of wounded discs results in a stimulation of ethylene production (10 nmol ethylene/g hr-'). Although the absolute rates of ethylene production were quite different in the individual experiments, the same trends have been observed in 11 separate experiments with discs from young sugar beet leaves.
Influence of Leaf Extracts on Oxygen Activation by Isolated
Chloroplast Lamellae from Sugar Beet and Spinach Leaves. In order to study the mechanism of light-stimulated ethylene formation in the wounded leaf, in vitro experiments were performed. The following results describe conditions and cofactors of a light-dependent oxygen-activating system from sugar beet leaves, which is also active in ethylene production from methional, a model substrate.
Experimental conditions were chosen in order to try to mimic the situation in vivo in a wounded leaf tissue. Isolated chloroplast lamellae were incubated in the light with Chl-free extracts after centrifugation of leaf homogenates. The incubation mixture contained 0.3mm hydroxylamine, which, in the presence of the superoxide free radical ion, is converted to nitrite (14 compound might be a substance similar to the oxygen-reducing factor previously isolated from spinach or sugar beet chloroplast lamellae after heat treatment (9) . In contrast to the oxygenreducing factor, the active compound from sugar beet leaf extracts seems to be producing both 02-and H202. shown in Figure 5 . Figure 1 . A unit of the H20-soluble extract (see test) corresponds to an extinction of 1 at 260 nm in 1 ml. 1 mM KCN was present where indicated.
About 10 A units (1 unit of absorption representing an amount of H20-sol extract with an extinction of 1 at 260 nm in 1 ml) maximally stimulated nitrite formation from hydroxylamine; higher concentrations inhibited hydroxylamine oxidation. In the presence of 1 mm KCN, an inhibition by H20-sol extract of hydroxylamine oxidation was observed. Figure 2 also shows that dopamine has a similar effect on nitrite formation by illuminated chloroplasts both in terms of the inhibition seen at higher concentrations of dopamine, and the inhibition of nitrite formation in the presence of KCN.
The water-soluble extract was further purified according to the procedure described by Gardner et al. (16) . Figure 3 compares the UV spectrum of the isolated product, capable of stimulating hydroxylamine oxidation, with dopamine. The spectra of both are essentially identical and have an absorption maximum at 279 nm (in H20).
The active substance and dopamine show identical RF values on paper chromatograms (butanol-acetic acid-water, 4:1:5, v/v/ v) and on paper electrophoresis. Both substances react with the formation of the identical red color upon addition of diazotized sulfanilic acid, and the UV spots of both compounds on paper chromatograms turn brown after a long exposure to air. Thus, the active component from sugar beet leaves is concluded to be identical to dopamine.
The product of the photochemical reaction catalyzed by dopamine is the superoxide-free radical ion. This is seen from the complete inhibition of nitrite formation from hydroxylamine by 20 units of superoxide dismutase (14, 23) (data not shown).
The same concentration dependencies exhibited by dopamine on hydroxylamine oxidation by illuminated chloroplasts are also seen for ethylene production from methional (or 2-keto-4-mercaptomethyl butyrate) (Fig. 4) .
Mechanism of Production of 02 -by Isolated Choroplasts in Presence of Dopamine. Figure 5 shows the dependence of 02-and H202 formation by isolated chloroplasts on the dopamine concentration. Nitrite formation is stimulated at low dopamine concentrations (about 10 MM) and inhibited at concentrations higher than 30 AM. In contrast, the decarboxylation of glyoxylate shows typical saturation-type kinetics with an apparent Vmax occurring at about 30 AM. The different kinetics for the production of 02-and H202 suggests that they have different reaction mechanisms.
Different kinetic data for the formation of O2-and H202 are again observed when caffeic acid is substituted for dopamine, as dark. This activity correlates with the potential to produce nitrite from hydroxylamine in the light (Fig. 6) . These results, together with the fact that KCN, a phenoloxidase inhibitor, reverses the dopamine stimulation of hydroxylamine oxidation by illuminated chloroplast lamellae, support the view that phenoloxidase is involved in the production of 02--but only if the substrate is present in a certain concentration range (about 10 UM).
Trypsin Activation of Lamellar Bound Phenoloxidase. Trypsin treatment of chloroplast lamellae results in an inhibition of photosynthetic electron transport measured as DCPIP photoreduction (30) . After about a 3-min treatment (trypsin to Chl ratio, 0.05, w/w), approximately 500 of the electta transport activity is lost. The phenoloxidase activity is, however, increased about 3-fold. No further increase of phenoloxidase activity is observed after longer times of treatment, although the photosynthetic activity decreases to almost zero after 8 min.
The effect of trypsin treatment on the rates of hydroxylamine photooxidation in the presence of either methylviologen or dof pamine is compared in Table I . In a manner similar to trypsininduced inhibition of DCPIP photoreduction, methylviologencatalyzed hydroxylamine oxidation is reduced by approximately 50% after a 3-min trypsin treatment. Dopamine-catalyzed hydroxylamine photooxidation is, however, stimulated after trypsin treatment.
DISCUSSION
The function of o-diphenols as regulating agents in ethylene biosynthesis has been suggested by several workers and, in most cases, an inhibition of ethylene synthesis by o-diphenols has been observed (1, 19, 20, 24, 34) . Fuchs (15) , however, has reported that catechol stimulates ethylene formation in green citrus peel plugs in a reaction which seems to be sensitive to the o-diphenol oxidase inhibitor, 2,3-naphthalene diol (22) . He concluded that a phenoloxidase, together with an o-diphenol, might be involved in ethylene biosynthesis. Our findings share common features with Fuchs' observations. Isolated chloroplasts show an enhanced production of 02-upon addition of the odiphenol, dopamine, in a reaction which is cyanide-sensitive. The cyanide sensitivity strongly suggests that a phenoloxidase, together with dopamine, is responsible for the activation of oxygen. Furthermore, activated oxygen appears to be one of the prerequisites for ethylene formation. Our system then, might be responsible for the production of the oxygen species involved in the cleavage of an appropriate ethylene precursor. This in vitro system, comprising illuminated chloroplast lamellae and dopamine, is a model which might closely mimic the actual situation in sugar beet leaf cells after wounding without disruption of the epidermis. The wounded cells must contain disrupted chloroplasts as well as all of the substances released from the different compartments of the leaf cells. We assume that dopamine comes into contact with chloroplasts only after wounding, resulting in a new physiological reaction; instead of NADP, oxygen would be the only electron acceptor under these altered conditions.
Isolated chloroplast lamellae can apparently react with odiphenols three different ways: (a) lamellar bound phenoloxidase oxidizes appropriate o-diphenols in a dark reaction, yielding brown melanine-like compounds and water (3, 31) These three observations lead to the conclusions summarized in Figure 7 . Phenoloxidase and a 1-electron donor (the reducing site of photosystem I, cf. refs. 2 and 13) are a reacting unit which forms an autooxidizable semiquinone (see also refs. 25 and 28) . The product of the autooxidation of the semiquinone is the superoxide free radical ion, which can also yield H202 by dismutation. At higher concentrations of dopamine, the superoxide free radical reacts with the excess free dopamine (8, 26) to yield H202 and the corresponding quinone. Hydroxylamine oxidation is suppressed and H202 formation is stimulated under these conditions. Reaction Type b: Catalytic Function of o-Diphenols in Photosynthetic Generation of H202. This reaction is dependent on, and started by, the autooxidation of reduced ferredoxin or the "bound primary electron acceptor" of photosystem I (8) . The superoxide free radical ion is formed which, in turn, oxidizes an o-diphenol (without the catalytic function of phenoloxidase) to the corresponding semiquinone. 02-is reduced to H202 by this reaction. The semiquinone autooxidizes to the corresponding quinone, yielding 02-which is trapped by another molecule of odiphenol. The reaction is inhibited by superoxide dismutase (8) .
The difference between reactions b and c is the involvement of phenoloxidase in reaction c, while reaction b is a chemical, autocatalytic process. Reaction c represents a system similar to mixed function oxygenases, as outlined in equations 3 to 5:
2 o-diphenol + 3 02 + 2 e---2 o-quinone + 2 02-+ 2 H20 (3) 2 o-quinone + 4 e-+ 4 H+-+2 o-diphenol sum: 3 02 + 6 e-+ 4 H+--2 02-+ 2 H20 (4) (5) This reaction might be involved in light-dependent hydroxylations as described by Bartlett et al. (4) and by Halliwell (17) .
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